Upon homozygosis from a/a to a/a or a/a, Candida albicans must still switch from the 'white' to 'opaque' phenotype to mate. It was, therefore, surprising to discover that pheromone selectively upregulated mating-associated genes in mating-incompetent white cells without causing G1 arrest or shmoo formation. White cells, like opaque cells, possess pheromone receptors, although their distribution and redistribution upon pheromone treatment differ between the two cell types. In speculating about the possible role of the white cell pheromone response, it is hypothesized that in overlapping white a/a and a/a populations in nature, rare opaque cells, through the release of pheromone, signal majority white cells of opposite mating type to form a biofilm that facilitates mating. In support of this hypothesis, it is demonstrated that pheromone induces cohesiveness between white cells, minority opaque cells increase two-fold the thickness of majority white cell biofilms, and majority white cell biofilms facilitate minority opaque cell chemotropism. These results reveal a novel form of communication between switch phenotypes, analogous to the inductive events during embryogenesis in higher eukaryotes.
Introduction
To mate, diploid Saccharomyces cerevisiae a/a cells need simply to undergo meiosis from a/a to a or a (Herskowitz, 1988; Haber, 1998) . For Candida albicans a/a cells to mate, they must undergo MTL-homozygosis to a/a or a/a, but additionally switch from the mating-incompetent 'white' phenotype to the mating-competent 'opaque' phenotype Lockhart et al, 2003a) . This added step in the C. albicans mating process is perplexing. Why has C. albicans uniquely inserted into its mating process this phenotypically complex transition Slutsky et al, 1987; Soll, 1992 Soll, , 2003 Lan et al, 2002) ? Additionally perplexing is the observation that the opaque phenotype is unstable at temperatures above 351C (Slutsky et al, 1987) . If unstable at physiological temperature (371C), how can mating take place within the host? The observations first that opaque cells, but not white cells, colonize skin (Kvaal et al, 1999) , which has a surface temperature of 321C, and second that skin facilitates mating (Lachke et al, 2003) seemed to provide some resolution to these questions (Soll, 2006) . However, while this explanation may prove to be part of the story, there is still a problem. Why develop so complex a phenotype as opaque and involve so many genes just to colonize skin, when skin represents such a minor site for C. albicans colonization (Odds, 1988) ? Here, we explore a recent, unexpected discovery that may ultimately provide us with an explanation.
When a/a cells undergo homozygosis to the white a/a or a/a phenotype, there is no significant change in superficial cellular morphology. There, however, is a change in switching potential. While a/a cells are incapable of switching due to a1-a2 repression, white a/a and white a/a cells can switch to the opaque phenotype (Lockhart et al, 2002; Miller and Johnson, 2002) . The differences between the white and opaque phenotypes, on the other hand, are extensive. Whereas opaque cells release pheromone, white cells do not Lockhart et al, 2003b) , and whereas opaque cells are blocked in G1 and shmoo in response to pheromone, white cells do not Bennett et al, 2003; Lockhart et al, 2003a; Zhao et al, 2005) . Most importantly, whereas opaque cells mate, white cells do not Lockhart et al, 2003a) . One would, therefore, logically assume that only opaque cells express pheromone receptors and respond to pheromone by increased expression of mating-associated genes. However, in a negative control performed in an analysis of pheromone-induced gene expression, we discovered that two genes upregulated in opaque cells were also upregulated in white cells (Lockhart et al, 2003b) . Why would opaque cells signal mating-incompetent white cells, and why with mating factor? Here, we verify and extend our original observations and demonstrate that white cells express pheromone receptors on their surface. Speculating upon the role of the white cell response to pheromone, we explore the hypothesis that pheromone released by opaque cells induces white cells to become highly cohesive and form a biofilm that provides a protective environment for opaque cell chemotropism in the mating process.
Results

Pheromone induction of gene expression
We previously demonstrated that a-pheromone upregulated STE2 and STE4 in white cells (Lockhart et al, 2003b) . To verify this result, we performed an expanded Northern analysis that identified additional mating-associated genes upregulated by a-pheromone in white a/a cells, CEK1, CEK2 and SST2 ( Figure 1A ). These results were highly reproducible in the same strain (P37005) and in the unrelated natural a/a strain L26 ( Figure 1B ).
In our previous report (Lockhart et al, 2003a) , we also demonstrated that the effect of a-pheromone on gene expression was selective. Pheromone treatment of white cells did not upregulate two genes upregulated in opaque cells, FIG1 and KAR4. This result was verified ( Figure 1A) . Since a-pheromone also upregulates genes involved in filamentation in opaque cells (Bennett et al, 2003; Zhao et al, 2005) , we analyzed expression of five of these genes in a-pheromonetreated white a/a cells. Three of these genes, RBT1, RBT4 and FGR23, were upregulated, although in the latter two cases not to the same extent as in opaque cells ( Figure 1C ). a-Pheromone also did not upregulate the hypha-specific genes HWP1 (Staab et al, 1996) or ECE1 (Birse et al, 1993) , as it did in opaque a/a cells. Together, these results demonstrate that the induction by pheromone of gene expression in white cells is real, but more restricted than in opaque cells.
White a/a cells express a-pheromone receptors on their surface The response to a-pheromone by white cells indicated that they expressed an a-pheromone receptor. To demonstrate this, we treated live a/a cells with biotinylated a-pheromone on ice to retard internalization (Schandel and Jenness, 1994) , fixed the cells, permeabalized them with methanol, and then stained them with Oregon Green s -tagged streptavidin, which specifically binds biotin (Weber et al, 1992) . Laser scanning confocal microscopy (LSCM) revealed punctate staining at the surface of opaque a/a cells (Figure 2A and B). The number of fluorescent dots on the opaque cell surface varied between 100 and 200 per cell (N ¼ 20), which corresponded to the average number of pimples (141739) previously measured on the opaque cell surface (Anderson et al, 1990) . LSCM performed at the same settings for pixel intensity (i.e., laser power, gain and aperture) revealed staining at the surface of white a/a cells, but staining was uniform ( Figure 2C and D). a/a cells ( Figure 2E and F), white a/a cells ( Figure 2G ) and opaque a/a cells ( Figure 2H ), which we assumed would possess no a-pheromone receptors, did not stain. White a/a cells treated with streptavidin alone also did not stain (data not shown). In S. cerevisiae, a-pheromone treatment of a cells results in the downregulation of occupied receptors, and relocalization to the site of conjugation tube evagination (Schandel and Jenness, 1994; Stefan and Blumer, 1999) . To test whether the a-pheromone receptors of white and opaque C. albicans a/a cells were similarly downregulated, cells were treated with biotinylated a-pheromone for 4 h, then washed, treated with fresh biotinylated a-pheromone on ice, fixed, permeabalized with methanol, and stained with Oregon Green s -conjugated streptavadin. Staining decreased at the opaque cell surface and localized to the site of conjugation tube evagination ( Figure 2I -L). Similar treatment of white cells also resulted in a decrease in surface staining, but no relocalization to a single site at the cell surface ( Figure 2M -P). Similar results were obtained in cells that were stained with fluoresceinconjugated a-pheromone (data not shown). These results demonstrate that white a/a cells, like opaque a/a cells, express a-pheromone receptors at their surface, and that a-pheromone treatment results in the downregulation of receptors from the surface of both cell types, but that receptors relocalize to the site of conjugation tube evagination in pheromone-treated opaque cells, but do not in pheromone-treated white cells.
a-Pheromone does not affect the white budding cycle
It was previously demonstrated that although a-pheromone blocks opaque a/a cells in G1 and induces shmoo formation, it does not appear to affect white cells similarly (Bennett et al, 2003; Lockhart et al, 2003a; Zhao et al, 2005) . Because a-pheromone not only upregulates select mating-associated genes in white a/a cells, but does so for some genes to the same extent as in opaque cells, we revisited the question of whether a-pheromone had any measurable effect on the white budding cell cycle (Table I) . When white a/a cells from either an early or a late saturation phase growth culture were diluted into fresh medium containing a-pheromone, and pheromone replenished at hourly intervals, the proportion of budding cells after 8 h of treatment was indistinguishable from that in untreated cultures (Table II) . DNA staining of 8 h white cells revealed that in both untreated and treated cultures, all cells with large buds contained one nucleus in the mother cell and one in the bud (N ¼ 200 for each condition). When the same experiments were performed with opaque a/a cells, the majority in untreated cultures possessed buds, whereas the majority in pheromone-treated cultures formed shmoos (Table II) . Staining of nuclei revealed that in untreated cultures, all opaque cells with large buds contained two nuclei, but in treated cultures the great majority of opaque cells had formed conjugation tubes and contained only one nucleus, which was located in the mother cell (N ¼ 200 for each condition). These results indicate that even though a-pheromone has a dramatic effect on gene expression, it has no measurable effect on the budding growth cycle of white a/a cells, as it has on opaque a/a cells.
Paradox and possible explanation
Why do white cells, which are mating-incompetent, respond to pheromone? To find an explanation, we stepped back and speculated about mating scenarios in vivo. We hypothesized that on occasions, natural a/a and a/a strains co-colonize a host (Soll, 2002) . We would expect co-colonizing a/a and a/a strains to express primarily the white phenotype, as has been demonstrated for natural MTL-homozygous strains at sites of colonization . Based upon experiments performed in vitro Slutsky et al, 1987; Rikkerink et al, 1988; Bergen et al, 1990) , we would expect a switch to the opaque phenotype in these overlapping white a/a and a/a populations to be a rare event ( Figure 3A ).
Physiological temperature would induce switching of these opaque cells back to the white phenotype after two cell generations (Srikantha and Soll, 1993; Soll, 2003) . If, however, an opaque a/a and an opaque a/a cell were generated within pheromone-signaling distance, they would reciprocally block each other in G1 , thus inhibiting a switch back to white. a-Pheromone released by an opaque a/a cell would form a spatial gradient that decreased in the direction of the a/a cell, and a-pheromone released by the a/a cell would form a spatial gradient White or opaque cells were grown at 251C in supplemented Lee's medium for 36 h to early saturation phase or for 48 h to late stationary phase, and diluted into fresh medium at 2 Â10 6 /ml. Cells were then incubated for 8 h.
c For pheromone-treated cells (+), pheromone was added every hour for 7 h, then cells were harvested at 8 h. Untreated (À) cells were also harvested at 8 h. Depth is presented as the mean7standard deviation of the depth of three biofilms, each measured at three sites, for a total (N) of nine measurements.
c Percent increase or decrease computed relative to the value for 100 (a/a). P-values were computed by the Student's t-test between 100% white and each test measure. A P-value X0.05 was considered significant (+), and o0.05 insignificant (À). Figure 3 Developing the hypothesis that opaque cells signal white cells of opposite mating type, through the release of pheromone, to form a biofilm that protects the opposing spatial gradients of pheromone that must develop for chemotropism to proceed. (A) In overlapping populations of natural white a/a and white a/a cells in the host, the predominant phenotype is white, but there are rare and transient switches from white to opaque. (B) An opaque a/a cell releases a-pheromone, which forms a spatial gradient that induces shmooing and promotes chemotropism of an opaque a/a cell, and vice versa. The spatial gradients of opposing pheromones are diagrammed between an opaque a/a and opaque a/a cell both as a graph of concentration as a function of distance (green and red, respectively) and as a sequence of parallel lines decreasing in length as concentration decreases. (C) The a-pheromone released by the rare opaque a/a cell and the a-pheromone released by the rare opaque a/a cell promote biofilm formation in white cells of opposite mating type. The spatial gradients of opposing pheromones are diagrammed as rings separated by greater distances denoting concentration decreases. Small arrows represent pheromone induction of white cells of opposite mating type to join in biofilm formation.wh, white; op, opaque.
that decreased in the direction of the a/a cell ( Figure 3B ). In response to the opposing spatial gradients of pheromone, the opaque a/a and opaque a/a cells would polarize and shmoo, and each conjugation tube would grow in the direction of the other ( Figure 3B ), the process referred to as 'chemotropism' ( Figure 3B ). In vivo, conjugation tubes of opposite mating type would have to extend over relatively long distances (i.e., many cell diameters in length) to fuse. Hence, the pheromone gradients would have to remain stable over long distances for extended periods of time. Figure 3C ) that facilitated chemotropism by protecting soluble spatial gradients of pheromone?
Exploring the validity of our hypothesis
To explore the validity of this hypothesis, we employed a number of experimental protocols that tested different aspects.
Does pheromone induce white cell cohesiveness and formation of a cohesive cell film on a substratum? A first step in biofilm development is the formation of a basal layer of cohesive cells adhering to a substratum (Hawser and Douglas, 1994; Burscher and van der Mei, 2000; Mukherjee et al, 2005) . To test whether a-pheromone selectively induces cohesiveness between white a/a cells in suspension, a mixture of white (60%) and opaque (40%) cells of the natural a/a strain P37005 were diluted into fresh medium either lacking or containing a-pheromone, and incubated in suspension for 2 h. Samples were then pressed down with a coverslip and examined microscopically. Cells from untreated cultures dispersed ( Figure 4A , B and C), but cells from treated cultures formed clumps of tightly cohering cells ( Figure 4D , E and F). Clumps were made up predominantly of white cells, which flattened into cohesive monolayers when pressed by coverslips onto the glass slides ( Figure 4D , E and F). Opaque cells, for the most part, were excluded from the interior of these clumps. Large clumps were composed exclusively of white cells ( Figure 4G and H). Each white cell bordered six other cells on average in a hexagonal array referred to by Buckminster Fuller as 'closest sphere packing' (Fuller, 1975) ( Figure 4I ). Experiments in which suspension cultures were examined every 30 min revealed that cohesiveness was induced by pheromone within 1 h of treatment.
To test whether a-pheromone induced white a/a cells to form an adhesive film directly on a plastic substratum, cells (Fuller, 1975) . Scale bar, 10 mm.
were incubated with pheromone in a multiwell plastic tissue culture plate undisturbed for 16 h. a-Pheromone-treated white a/a cells formed an adherent, thick film on the plastic well bottom ( Figure 5A ), whereas untreated white a/a cells ( Figure 5E ), a-pheromone-treated opaque a/a cells ( Figure 5B ), a-pheromone-treated white a/a cells ( Figure 5C ), a-pheromone-treated opaque a/a cells ( Figure 5D ) and a-pheromone-treated a/a cells ( Figure 5F ) did not.
Finally, we tested whether a-pheromone induced white a/a cells to form a basal layer of cohesive cells on a plastic substratum. Because the a-pheromone gene has not been identified in C. albicans, synthetic a-pheromone was unavailable. We therefore developed a protocol in which live opaque a/a cells stimulated by live opaque a/a cells in a source well provided a-pheromone for a/a cell stimulation in a response well ( Figure 6A and B) . After 16 h of undisturbed treatment, the response wells were gently rinsed to remove nonadhering cells, and the cells adhering to the well bottom scraped off with a toothpick and examined microscopically. In preparations in which white a/a or white a/a cells were not challenged with opposite mating type pheromone, cells were only loosely bound to the well bottom and those removed by scraping were dispersed ( Figure 6C and G, respectively). In test preparations in which white a/a or white a/a cells were challenged with pheromone of opposite mating type, cells were tightly bound to the well bottom and those removed formed cohesive sheets ( Figure 6D and H, respectively). When white a/a cells were placed in the response well and only opaque a/a cells alone in the source well, or when white a/a cells were placed in the response well and opaque a/a cells alone in the source well, there was no induction of cohesivity (data not shown), suggesting that a combination of opaque a/a and a/a cells in the source well led to cross-stimulation of pheromone production. Opaque a/a or opaque a/a cells, unstimulated or stimulated, remained dispersed ( Figure 6E , F, I and J, respectively). The majority of pheromone-stimulated opaque a/a or a/a cells formed conjugation tubes ( Figure 6F and J, respectively) . These results demonstrate that a-pheromone induces white a/a cells, but not opaque a/a cells, to form a cohesive basal layer of cells on a substratum, just as a-pheromone induces white a/a cells, but not opaque a/a cells.
Do opaque cells affect the development of white cell biofilms?
After a basal layer of cells is laid down on a substratum, it grows in the z-axis, forming a thick biofilm with hyphae concentrated in the mid-region (Baillie and Douglas, 1999; Mukherjee et al, 2005) . To test whether minority opaque cells affected the growth and development of a majority white cell biofilm, different proportions of white and opaque cells were mixed and cast on a silicon elastomer surface. After 90 min, the elastomer surface was gently washed to remove nonadhering cells and incubated for 48 h on a slow rocker (Kuhn et al, 2002) . In each test mixture, the white cell component was half a/a (strain P37005) and half a/a (WO-1), as was the opaque cell component. Three independent biofilms were cast and analyzed for each combination of white and opaque cells. Under these conditions, an initial monolayer formed on the elastomer of every test population that reflected the proportions of original cell types cast. Three measurements of depth were made for each biofilm after 48 h, resulting in a total of nine measurements per combination.
When a relatively pure preparation of white cells was cast on a silicon elastomer and rocked, a dense biofilm developed in which budding cells were prevalent at the bottom and top, and a mixture of budding cells and hyphae filled the midregion ( Figure 7A and B) . The mean depth (7standard deviation) of these biofilms was 27.371.9 and 30.072.7 mm in two separate experiments (Table II) . In contrast, biofilms formed by a relatively pure preparation of opaque cells were thin and fragile, and made up almost entirely of cells that had extended conjugation tubes ( Figure 7D and E). The mean depth of these biofilms ( Figure 7F ) was 8.271.7 and 11.071.7 mm, in two separate experiments, one-third the thickness of white cell biofilms (Table II; compare Figures  7C and F) . Biofilms formed by 50% white and 50% opaque cells contained budding cells, septated hyphae and unseptated conjugation tubes in the mid-region ( Figure 7G and H). In two separate experiments, the mean depth was similar to that of biofilms formed by 100% white cells (Table II; compare Figures 7C and I) . The mid-region of biofilms formed by 90% white and 10% opaque cells contained a higher proportion of hyphae than biofilms formed by 100% white cells Figure 7 A minority of opaque cells enhance white cell biofilm development. Different proportions of white and opaque cells were mixed and the same total number of cells spread on a silicon elastomer. After 90 min of undisturbed incubation, the elastomers were gently rinsed, then flooded with fresh growth medium and gently rocked for 48 h. In all combinations, white cells were 50% a/a and 50% a/a, and opaque cells 50% a/a and 50% a/a. In all combinations, a monolayer of cells covered the elastomer at the initiation of rocking which reflected the proportions of white and opaque cells initially inoculated. (A, D, G, J) Z-series projection of multiphoton LSCM scans through the biofilm. (B, E, H, K) Single optical section in the middle of the biofilm. (C, F, I, L) Z-series projections viewed from the side (901 tilt). At the end of the incubation period, the top of each gel was identified by a precipitous decrease in pixel intensity. The small solid arrows in (B), (H) and (K) point to septae in hyphae. The unfilled arrowhead in (H) points to a conjugation tube. 'R's in (E) refer to apical reversion to the budding growth form at the ends of conjugation tubes that have failed to fuse. Scale bar in the first image for each horizontal row represents 10 mm.
( Figure 7J and K) . The average thickness of biofilms formed by 90% white-10% opaque cells in two separate experiments was twice that of biofilms formed by 100% white cells (Table II; compare Figures 7C and L) . To assess the minimum proportion of opaque cells that affected the thickness of a predominantly white cell biofilm, the proportion of opaque cells cast with white cells was systematically varied (50, 10, 1 and 0.1%). While 0.1% opaque cells had no significant effect on biofilm thickness, 1 and 10% opaque cells both resulted in majority white cell biofilms twice as thick as those formed by 100% white cells (Table II) .
In the preceding mixing experiments, both the white and the opaque cell components were always composed of half a/a and half a/a cells. For opaque cells, we assumed that the mixture cross-stimulated pheromone production. To test this assumption, biofilms were generated from 90% white a/a or a/a cells, and 10% opaque a/a or 10% opaque a/a cells, respectively. The thickness of the biofilm generated by these mixtures were then compared with biofilms generated from mixtures of white a/a or white a/a cells mixed with a mixture of opaque a/a plus opaque a/a cells. The thickness of biofilms formed by mixtures of white a/a and opaque a/a cells, or white a/a and opaque a/a cells were enhanced, but enhancement was far below that achieved when opaque cells included a mixture of a/a and a/a cells (Table II) . These results suggested that cross-stimulation between opaque a/a and opaque a/a cells was necessary for maximum enhancement of majority white cell biofilms.
Does a majority white cell biofilm facilitate chemotropism between minority opaque cells?
To explore this key component of our hypothesis, we dispersed mixtures of 10% opaque cells (half a/a, half a/a) and 90% white cells (half a/a, half a/a) on filters in the chamber described in Figure 8A . The opaque a/a cells were vitally stained green with fluorescein-conjugated ConA and the opaque a/a cells were vitally stained red with rhodamineconjugated ConA. The mixture was incubated undisturbed for 48 h. Preparations were then treated with calcofluor, which stained all cells blue. Hence, opaque a/a cells stained green, opaque a/a cells stained red, and white cells, white cell hyphae and opaque cell conjugation tubes stained blue. Multiphoton microscopy and LSCM were employed to locate fields in the upper region of the biofilm that contained both a green cell (opaque a/a) and a red cell (opaque a/a) within an arbitrary distance of 25 cell diameters, which had each extended conjugation tubes (blue). Assessment of conjugation tube orientation is diagrammed in Figure 8B . In 18 of 20 cases (90%) in which an opaque a/a cell and an opaque a/a cell with tubes were within 25 cell diameters of one another, the tubes of both opaque cells were positively oriented (i.e., þ , þ ) ( Figure 8C, D and E) . In three additional examples, we identified a red (a/a) and green (a/a) cell separated by over 50 cell diameters in each case with conjugation tubes oriented towards one another (i.e., þ , þ ), suggesting that the distances over which effective gradients are formed and maintained can be extremely large in a biofilm.
To explore whether the superstructure of the thick biofilm proper facilitated chemotropism, we identified in the monolayer of cells that forms at the outer edge of these biofilms, 20 fields that contained both a green opaque a/a and a red opaque a/a cell within 25 cell diameters of each other, each extending a conjugation tube. In 17 out of 20 cases (85%), one or both tubes were oriented away from the opposing opaque cell (À, þ or þ, À or À, À); in only three cases (15%) were both tubes oriented towards each other ( þ , þ ) ( Figure 8F, G and H) . Hence, the monolayer did not support chemotropism under the same conditions that supported it in the thick multilayered biofilm matrix, presumably because pheromone gradients dissipated rapidly due to diffusion and perturbation. Similarly, when mixtures of white cells (half a/a, half a/a) and opaque cells (half a/a, half a/a) were dispersed on a plastic surface and allowed to form a monolayer, opaque a/a and opaque a/a cells separated by distances within 25 cell diameters formed conjugation tubes in random directions (data not shown). To demonstrate that the biofilm proper facilitated protected gradients from physical perturbation of pheromone gradients, we repeated the above set of experiments, but this time rocked the culture (Kuhn et al, 2002) . After 48 h, 14 of 20 pairs of green (opaque a/a) and red (opaque a/a) cells in the biofilm proper that were within 25 cell diameters of each other had extended tubes in each other's direction (i.e., 70% þ , þ ). In the monolayer at the biofilm edge, 18 of 20 green (opaque a/a) and red (opaque a/a) cell combinations within 25 cell diameters had extended one or both tubes away from the opposing
Additional observations relevant to our hypothesis Two additional observations are consistent with different aspects of the hypothesis we have proposed. First, because the release of pheromone by an opaque cell in a predominantly white cell biofilm would block opaque cells, but not white cells, of opposite mating type in G1, we would expect that biofilms originally cast with 90% white cells (half a/a, half a/a) and 10% opaque cells (half a/a, half a/a) would contain a far lower proportion of opaque cells (i.e. far lower than 10%) after biofilm development. We found this to be the case. After 48 h of biofilm development, the preparation of opaque cells in these biofilms had decreased to proportions well below 1% ( Figure 8C through H) . Second, we realized that for chemotropism to occur between opaque a/a and opaque a/a cells in a white cell biofilm, the density of opaque cells would have to be quite low so that gradients between an opaque a/a cell and a neighboring opaque a/a cell could develop without interference from gradients released by other opaque cells in the neighborhood. High densities of opaque cells should, therefore, result in high frequencies of conjugation tube formation, but random a/a and a/a orientation, few fusions, and as a result, a high proportion of apical reversion to the budding growth form. This is exactly what was observed in biofilms cast entirely of opaque cells (half a/a, half a/a) ( Figure 7D and E) , or 50% opaque cells (half a/a, half a/a) and 50% white cells (half a/a, half a/a) ( Figure 7G and H).
Discussion
We have verified our original observation (Lockhart et al, 2003b ) that pheromone treatment of white cells selectively upregulates mating-associated genes. We have also verified that the response is selective (Lockhart et al, 2003b) . The list of upregulated genes in white cells, however, is far from complete. Most notably, it does not include genes selectively upregulated by pheromone in white but not opaque cells, which we believe exist based on the selective induction of cohesiveness and adhesiveness in white cells, and enhancement of the thickness of predominantly white cell biofilms. The difference in the repertoire of genes upregulated by pheromone suggests differences between white and opaque cells in the pheromone-induced signal transduction pathways.
We have demonstrated with labeled pheromone that untreated white a/a cells express a-pheromone receptors on their surface, as do untreated opaque cells, but the labeling patterns differ. Treatment with a-pheromone resulted in surface receptor downregulation in both white and opaque a/a cells, but receptor relocalization occurred only in opaque cells, presumably because pheromone-treated opaque cells, but not white cells, shmoo (Bennett et al, 2003; Lockhart et al, 2003a) .
In speculating about an in vivo scenario of mating, we hypothesized that rare opaque cells appeared in overlapping white a/a and a/a populations in nature, and that the pheromones they released stimulated white cells of opposite mating type to form a biofilm that facilitated chemotropism by protecting soluble pheromone gradients. In support of the first component of this hypothesis, we demonstrated that pheromone rapidly induced white, but not opaque, cells to cohere and form an adhesive film on a substratum. The formation of a tightly packed basal layer of cells on a Figure 8 Majority white cell biofilms promote chemotropism between rare opaque a/a and opaque a/a cells. (A) Diagram of the modified Boyden chamber that was employed. The upper well was inoculated with 45% white a/a cells, 45% white a/a cells, 5% opaque a/a cells vitally stained green with fluorescein-conjugated ConA and 5% opaque a/a cells vitally stained red with rhodamine-conjugated ConA. Medium was replenished from below after 24 h. After 48 h at 291C, cells were fixed, stained with calcofluor (Blue) and imaged by multiphoton LSCM. Cells were visualized in the upper region of the thickest portion of the biofilm or in the monolayer at the biofilm edge. Fields were scanned for a green and red cell that had formed conjugation tubes within 25 cell diameters of each other. (B) The orientation of the conjugation tubes was assessed as diagrammed. (C-E). In the majority of cases in which a red and green cell were observed within 25 cell diameters of one another (18 of 20; 90%) in the three-dimensional upper region of the biofilm proper, their conjugation tubes were oriented in the approximate direction of each other ( þ , þ ). (F-H) In the majority of cases in which a red and green cell were observed within 25 cell diameters of one another (16 of 20; 80%) in the two-dimensional monolayer at the edge of the biofilm proper, one or both tubes were oriented away from each other ( þ , À or À, þ or À, À). a/a cells, strain P37005; a/a cells, strain WO-1. Scale bar, 5 mm.
substratum is a first step in biofilm formation (Hawser and Douglas, 1994; Burscher and van der Mei, 2000; Enos-Berlage and McCarter, 2000; Mukherjee et al, 2005) . Pheromone most likely induces the expression of genes encoding surface molecules in white, but not opaque, cells that facilitate the formation of a cohesive basal layer of cells that adheres to a substratum. In a screen for biofilm-defective mutants, Richard et al (2005) identified three genes involved in the early stages of biofilm development, but their deduced functions suggest that none of them would appear to play a direct role in the cohesion or adhesion response we have identified.
We also found that as few as 1% opaque cells mixed with 99% white cells doubled the thickness of the subsequent white cell biofilm that developed. Minority opaque cells also appeared to cause an increase in hypha formation in the midregion of majority white cell biofilms. Stimulation occurred only when minority opaque cells were derived from both a/a and a/a strains, suggesting that it was necessary for opaque a/a and a/a cells to cross-stimulate each other to release effective levels of pheromone. A variety of genes have been demonstrated to be upregulated during biofilm development (Garcia-Sanchez et al, 2004; Murillo et al, 2005) . Several involved in hypha formation, an important component of biofilms (Baillie and Douglas, 1999; Mukherjee et al, 2005) , were demonstrated by mutational studies to play a critical role in biofilm development (Ramage et al, 2002; Nobile and Mitchell, 2005) . Nobile and Mitchell (2005) demonstrated that the zinc finger protein Bcr1p, which is required for biofilm formation, activates genes encoding cell surface proteins and adhesins, some of them induced during hypha formation. A systematic comparison of the expression of these genes between unenhanced and opaque cell-enhanced white cell biofilms is therefore warranted.
In support of the second component of our hypothesis, we found that the 3D environment in developing white cell biofilms facilitated chemotropism between minority opaque cells of opposite mating type. Chemotropic orientation was observed at distances as great as 50 cell diameters, which represents roughly 100 mm. It seems reasonable to conclude from these experiments that while pheromone gradients are not stable in a 2D environment, they are stable in the 3D environments provided by biofilms. Several observations also suggest that opaque cells may have to be rare within a majority white cell biofilm for chemotropism to proceed. When biofilms were cast with a high proportion of opaque to white cells (e.g., 50:50), the majority of opaque cells formed conjugation tubes, but the tubes were randomly oriented, a result suggesting that the same signal released in opposing directions nulls the development of gradients. We suggest that in the evolution of opaque cell induction of white cell biofilms, opaque cell formation evolved as a rare event to optimize chemotropism. While signaling between mating types is a general phenomenon in yeast (Fraser and Heitman, 2004) , signaling between mating-competent and mating-incompetent cells for reasons other than the induction of the actual mating event, as we have demonstrated here between opaque and white cells, represents a new phenomenon. The induction of white cells by opaque cells to develop a biofilm is in some ways similar to the inductive events between mesoderm and ectoderm in embryonic development (Spemann and Mangold, 1924; Nieuwkoop, 1969) , and the inductive events between germ cells and somatically derived follicle cells during germ cell development (Gilchrist et al, 2004) . One must therefore wonder whether such inductive events in higher eukaryotes may have evolved from a mating-associated inductive event like that which we have discovered occurs between opaque and white cells in C. albicans.
Materials and methods
Strain maintenance
Cells of the natural strains P37005 (a/a) (Lockhart et al, 2002) , L26 (a/a) (Lockhart et al, 1996) and WO-1 (a/a) (Slutsky et al, 1987) were initially plated at 251C on modified Lee's agar medium (Bedell and Soll, 1979) . Cells from 7-day colonies were diluted into liquid modified Lee's medium and grown at 251C to saturation phase and diluted into fresh medium for experimentation.
Treatment of a/a cells with a-pheromone
The 13-mer a-pheromone (Bennett et al, 2003; Panwar et al, 2003) , chemically synthesized by Open BioSystems, Inc. (Huntsville, AL), was dissolved in 50 mM MES buffer, pH 6.1. Saturation phase cultures (2 Â10 7 /ml opaque cells, 1 Â10 8 /ml white cells) were pelleted, resuspended at 10 7 cells/ml in 1 ml of fresh liquid modified Lee's medium containing 3 Â10 À6 M a-pheromone in a 15 ml Falcon tube, and mixed at 251C in a rotary water bath shaker at 250 r.p.m.
Northern analysis
Northern analyses were performed as previously described (Srikantha et al, 2005) . The primer pairs are provided in Table III .
Localization of the a-pheromone receptor and nuclear staining The 13-mer a-pheromone was biotinylated or conjugated with fluorescein by Open BioSystems, Inc. (Huntsville, AL). Washed cells were chilled on ice for 15 min and biotinylated a-pheromone or fluorescein-conjugated a-pheromone was then added to a final concentration of 3 Â10 À6 M or 10 À3 , respectively. After 15 min, treated cells were resuspended in À201C methanol, pelleted and rehydrated. Cells were then treated with Oregon Green s streptavidin (Molecular Probes, Eugene, OR) and then imaged using a BioRad Radiance 2100 MP multiphoton LSCM (Bio-Rad, Hermel, Hamstead, UK). Nuclei were stained with Sytox Green TM (Molecular Probes, Eugene, OR) according to methods previously described .
Assessing cohesiveness
To measure cohesiveness in suspension, cells from a saturation phase culture were resuspended at 10 7 /ml in nutrient medium containing 3 Â10 À6 M a-pheromone in a 15 ml Falcon tube and cultured at 251C on a rotary shaker at 250 r.p.m. Samples were removed with a large bored pipette and deposited on a microscope slide. Cells were examined under a coverslip for clumping. To test whether chemically synthesized a-pheromone induced formation of a nascent biofilm of white a/a cells on a plastic surface, cells were inoculated into a well of a Costar TM six-cluster well plate (Costar, Cambridge, MA) containing 2 ml of nutrient medium plus 10 À6 M a-pheromone. After 16 h at 291C, the bottom of the plates were gently washed and examined. To test whether natural a-and apheromone released by a/a and a/a cells stimulated formation of a cohesive basal layer of cells on a plastic substratum, white or opaque phase a/a or a/a cells were cultured on the bottom of a well in a Costar TM six-cluster Transwell TM plate (response well) (Costar) that was separated by a porous membrane (0.4 mm pore size Transwell-Clear TM polyester membrane) from an overlying well containing a mixture of opaque a/a and a/a cells (source well), in medium containing 1 ml pepstatinA (Sigma). The plates were incubated undisturbed at 291C for 16 h, rinsed twice and scraped across the middle with a toothpick. Released material was examined by either phase or DIC microscopy.
Biofilm development
White cells (50:50 a/a and a/a) and opaque cells (50:50 a/a and a/a) were mixed at different proportions to assess whether minority opaque cells enhanced majority white cell biofilm formation. A washed and autoclaved silicone elastomer square (0.04 in thick; Cardiovascular Instrument Corp., Wakefield, MA) was placed in a well of a 12-well cluster plate (Costar s , Corning Inc., Corning, NY), each well filled with 2.5 ml of cell suspension containing a total of 5 Â10 7 cells in RPMI medium, and incubated at 291C without agitation for 90 min. The silicone square was then gently rinsed with phosphate buffer saline, placed in a fresh well in RPMI medium, and incubated at 291C on a rocker (Immunetics, Cambridge, MA) with 601 total deflection every 10 s. After 48 h, the biofilms were fixed in a 37% formalin solution, gently rinsed with 0.1 M Tris-HCl, pH 8.8, and stained with Calcofluor TM White M2R (Fluorescent Brightener 28, Sigma Aldrich, St Louis, MO). Biofilm structure was analyzed by LSCM. Z-series were gathered, projected, rotated and depth measurements obtained using BioRad LaserSharp TM software.
Chemotropism within a biofilm a/a and a/a opaque cells were vitally stained with fluorescein-and rhodamine-conjugated ConA, respectively, as previously described (Daniels et al, 2003) . Unlabeled white cells and ConA-labeled opaque cells were combined in the following ratio: 45% white a/a cells, 45% white a/a cells, 5% fluorescein-ConA-labeled opaque a/a cells and 5% rhodamine-ConA-labeled opaque a/a cells, at a final cell concentration of 1 Â10 7 /ml. Cells were cultured in a Boyden chamber on the upper surface of a Nucleopore TM filter (13 mm polycarbonate poly-vinyl pyrolidone-free with 0.4 mm pores; Fisher Scientific, Hanover Park, IL). The lower well of the Boyden chamber was filled to the level of the filter with modified Lee's medium. The mixed white and opaque cell suspension (300 ml) was then added to the upper surface of the membrane, the upper chamber filled and the apparatus incubated undisturbed at 291C. Lower well medium was replaced after 24 h with fresh Lee's medium. After 48 h, the filter was fixed by floating in 4% paraformaldehyde-HBSS, stained with Calcofluor TM White M2R and analyzed by LSCM.
